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Black soldier fly larvae (BSFL) meal, produced from the larvae of Hermetia illucens, has shown promise as a fish
meal (FM) replacement in diets for rainbow trout, catfish and tilapia, but has not been examined as an alternative
protein source in shrimp diets. Six isonitrogenous (35% crude protein, as fed) and isoenergetic (16.7 k] available
energy g~ ! of diet) diets containing graded levels of BSFL as replacements for protein from menhaden FM were
fed to juvenile (1.24 g 4 0.01; mean + SE) Pacific white shrimp, Litopenaeus vannamei. Diet 1 (the control) was
formulated similar to a commercial shrimp diet containing 25% menhaden FM and 23% soybean meal. Diets 2-6
were formulated as a dose-response series that progressively replaced protein from menhaden FM with BSFL
meal at inclusion rates of 7%, 14%, 21%, 28%, and 36% of diet; this equated to progressively replacing 16.5% of di-
etary protein provided by menhaden FM. Diets were fed to juvenile shrimp stocked into eighteen 110-L saltwater
aquaria (30 ppt) (three replicates per dietary treatment) at a density of 15 shrimp per aquarium (50/m?) for
63 days. Nonlinear and spline regression analysis of responses indicated that the maximum level of BSFL meal in-
clusion varied significantly with the response being modeled. Generally, without modification of the ingredient
or replacement diet nutrient profiles, 95% to 100% of most growth responses, i.e., shrimp final weight, weight
gain, specific growth rate, and food conversion, could be obtained if replacement of FM by BSFL meal was limited
to <25% of the diet, depending on performance measure. Similarly, 95% or greater of maximum whole-body pro-
tein and lipid content could be achieved when BSFL inclusion was restricted to <29% and 15%, respectively. Com-
parison of amino acid profiles in the test diets with recent requirement estimates for limiting amino acids in BSFL
meal also suggest future strategies for increasing dietary substitution of FM with BSFL.

Published by Elsevier B.V.

1. Introduction

source in shrimp diets because of its favorable nutrient profile,
indispensible amino acid and fatty acid composition, palatability, and

Global aquaculture production of shrimp has grown dramatically
within the last two decades. Pacific white shrimp (Litopenaeus
vannamei) generated US$17 billion from a production volume between
2.2 and 2.7 mmt in 2014, accounting for 15% of the total value of inter-
nationally-traded fishery products, and is currently the most valuable
single aquaculture commodity (FAO, 2012; GlobeFish, 2015). Over 90%
of farmed shrimp rely on high protein diets containing high percentages
of marine fish meal (FM). Fish meal is used as the primary protein
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relatively high digestibility (Cruz-Suarez et al., 2007; Lemos et al.,
2009; NRC, 2011). However, a dichotomy exists between the rapid
growth of the shrimp industry and static production of FM. Fish meal
is a finite resource with limited availability and high demand, and there-
fore is the most expensive macro-ingredient in shrimp diets. In 2006,
27% of the FM in the aquaculture sector was utilized in shrimp diets
(Tacon and Metian, 2008; Hardy, 2010), and while advances have
been made in FM substitution and reduction in the last decade, overall
expansion of shrimp production has subsequently led to an increase in
the quantity of FM utilized (Naylor et al.,, 2009; Hardy, 2010).
Typically, the inclusion of FM in shrimp diets is 20-50% of the total
diet formulation, which results in higher diet and production costs.
Diet costs can account for between 50 and 80% of a producer's opera-
tional costs, and thus directly influences producer profitability. Future
growth and profitability within the shrimp aquaculture sector is
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dependent upon continued improvements in diet efficiency and formu-
lation; specifically a reduction in the inclusion of expensive marine pro-
tein sources in shrimp diets. In addition, retailers and consumers have
begun to consider both the environmental sustainability and health
benefits of the foods they purchase, and there is growing concern re-
garding the sustainability of aquaculture practices that utilize high per-
centages of marine inputs, and/or deteriorate the natural environment.

In light of these economic, environmental and social concerns, a
wide variety of renewable plant-based proteins have been evaluated
in shrimp diets in an effort to reduce pressure and reliance on marine
resources while increasing producer profitability. Several candidates
for partially or totally replacing FM in diets for white shrimp have al-
ready been evaluated including lupin meal (Molina-Poveda et al.,
2013); defatted microalgae meal (Ju et al,, 2012); rendered animal-pro-
tein ingredient mixture (Ye et al,, 2011); peanut meal (Liu et al,, 2012);
microbial floc meal (Bauer et al.,, 2012); plant-protein ingredient mix-
ture (Suarez et al., 2009); and soybean-based diets (Sookying et al.,
2013). However, there has been limited success in totally replacing
FM in shrimp diets, depending on the nutrient quality and composition
of the substitution ingredients, diet formulation, and culture system uti-
lized (clear-water versus green-water) and often reduced growth and
feed efficiency has resulted when FM was totally replaced by a single
plant-protein ingredient (Lim and Dominy, 1990; Fox et al., 2004;
Molina-Poveda and Morales, 2004; Alvarez et al., 2007; Suarez et al.,
2009);

Among plant-protein alternatives evaluated thus far, soybean meal
(SBM) is the most widely-used in aquaculture diets due to its wide
availability, comparatively low market price, nutritional consistency,
balanced amino acid profile, and high digestibility (Akiyama et al.,
1989; Gatlin et al., 2007; Trosvik et al., 2012; Cummins et al., 2013).
However, SBM also has negative attributes that may limit the level of
diet inclusion or use as the sole protein ingredient in commercial
shrimp diets. Lim and Dominy (1990), for example, reported reduced
growth of shrimp fed levels of SBM >28% and attributed this to reduced
feed intake and poor diet palatability. When compared to FM, SBM has
lower essential amino acid (EAA) concentrations, particularly methio-
nine, lysine, and threonine as well as a lack of essential n-3 fatty acids
EPA (eicosapentaenoic acid) and DHA (docosahexaenoic acids) (Fox et
al., 2004; Gatlin et al., 2007; NRC, 2011). Moreover, soybean meal is
known to contain anti-nutritional factors such as trypsin inhibitors,
lectins, phytic acid, saponins, antivitamins, and high levels of non-starch
polysaccharides and oligosaccharides that affect nutrient digestibility
and/or availability to shrimp (Francis et al., 2001; Gatlin et al.,, 2007).

A potential candidate ingredient for use in combination with SBM is
the black soldier fly (Hermetia illucens) which has been evaluated as a
possible organism to use in bioconversion of manure to reduce waste
residue. They can reduce nitrogen waste by 75% and reduce mass by
50% in poultry and hog operations (Newton et al., 2005). Further, the
prepupae are highly nutritious comprised of 40% protein and 35% lipid
(Bondari and Sheppard, 1981, 1987). Use of invertebrate protein
sources as alternatives to fish meal in freshwater crustacean diets has
been reported (Langer et al., 2011; Riddick, 2013). Thus, use of black sol-
dier fly larvae (BSFL) meal for marine shrimp diets as FM replacement is
warranted.

2. Materials and methods
2.1. Diet composition, preparation, and pellet stability

BSFL meal utilized in this experiment was obtained from a commer-
cial producer (Enviroflight, Yellow Springs, Ohio USA) and contained
35% lipid. BSFL meal was extracted four times with a 2:1 (v/v) ethyl al-
cohol (95%) to BSFL meal for each extraction, followed by one extraction
of 3:1 (v/v), and a final extraction with a4:1 (v/v) ratio (Table 1). During
each extraction, BSFL meal was completely mixed with ethyl alcohol
and allowed to settle for 10 min, followed by decanting of ethyl alcohol

Table 1
Proximate and selected amino acid composition (g kg~ ! diet, as-fed basis) of menhaden
fish meal (FM), and black soldier fly larvae (BSFL) meal.

Ingredient

FM BSFL % difference®
Moisture 71.0 100.6 40.7
Protein 660.2 520.3 —21.2
Lipid 108.6 151.0 39.0
Ash 218.2 72.9 —66.6
Amino acids”
Arginine 344 229 —334
Cystine 49 3.7 —245
Histidine 142 15.0 5.6
Isoleucine 264 18.7 —29.2
Leucine 325 323 —0.6
Lysine 48.0 27.1 —435
Methionine 16.2 6.6 —593
Phenylalanine 25.9 16.3 —37.1
Threonine 29.1 17.0 —41.6
Tryptophan 8.4 55 —345
Tyrosine 18.9 22.5 19.0
Valine 31.0 25.6 —174

2 % difference calculated as (AApse. — AApwm) / AApy + 100, where AA; is the amino acid
concentration in ingredient i.

b Limiting order of essential amino acids in BSFL when compared to FM is Met, Lys, Thr,
Phe, Trp/Arg.

from the BSFL meal. After final extraction, solvent-extracted BSFL was
air-dried under a fume hood for 24 h and then stored in a freezer
(—20 °C) until needed.

Six isonitrogenous (35% protein, as fed) and isoenergetic (16.7 k]
available energy g~ ' of diet) diets were formulated to meet the
known nutrient and energy requirements of penaeid shrimp (NRC,
2011), with all experimental diets containing 23% SBM. Since a digest-
ible energy value for BSFL meal has not been determined for white
shrimp, available energy was calculated using physiological fuel values
of 16.74, 16.74, and 37.66 k] g~ ! for carbohydrate, protein, and lipid, re-
spectively (Webster et al., 1995). Proximate (Table 2) and amino acid
(Table 3) compositions of the diets were measured by a commercial
laboratory (Eurofins Scientific, Inc., Des Moines, 1A, USA). Diet 1 (the
control) was formulated to be similar to a commercially-available diet
containing 25% menhaden fish meal (FM) and 23% soybean meal
(SBM). Diets 2-5 were formulated to partially replace FM with BSFL at
inclusion rates of 7%, 14%, 21%, and 28%, respectively, whereas, Diet 6
was formulated to completely replace FM with inclusion of 36% BSFL.
Protein replacement of FM was equal to 0% (Diet 1), 20% (Diet 2), 40%
(Diet 3), 60% (Diet 4), 80% (Diet 5), and 100% (Diet 6).

Dry ingredients were weighed (Mettler AT261 Delta Range, Mettler
Instruments, Zurich, Switzerland) and mixed together for 1 h in a
Hobart mixer (Hobart A-200, Troy, OH, USA). Warm tap water was
added to the mash to obtain a 35% moisture level. Diets were double-
extruded through a 2-mm die to form strands and then air-dried.
After drying, diets were ground into pellets of appropriate size using
a S.500 disk mill (Glen Mills Inc., Clifton, NJ, USA). Diets were sieved
(2-mm opening mesh and 0.5-mm mesh) using a USA standard testing
sieve (Fisher Scientific, Pittsburg, PA, USA). After sieving, a combination
of soybean oil and menhaden fish oil that had previously been mixed to-
gether was added to the diets until all pellets were uniformly coated.
Diets were stored in labeled plastic containers at — 20 °C until fed.

The dried test diets were evaluated for pellet stability in water. Ten
grams of pelleted diet of equal length were uniformly distributed on a
2-mm mesh screen sieve (Fisher Scientific, Pittsburg, PA, USA). Samples
were then lowered into static saltwater approximately 10 cm deep for
30 min, dried in an oven (67 °C) for 24 h, and then cooled in a desiccator
for 12 h prior to weighing. The residue left on the screen was recorded
as dry solids not leached in water. The percentage of dry solids on the
screen after 30 min in water to total solids in pellets was used as a com-
parative measure of pellet stability in water (Webster et al., 1994).
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Table 2

Composition (g kg~ ') of six practical diets fed to juvenile white shrimp for 63 days
containing graded levels of black soldier fly larvae (BSFL) meal as a replacement for men-
haden fish meal (FM).

Ingredients Diet1 Diet2 Diet3 Diet 4 Diet 5 Diet 6
OBSFL  7BSFL  14BSFL  21BSFL  26BSFL  36BSFL
Menhaden fish meal 2500 2000 150.1 100.0 50.0 0.0
BSFL meal 0.0 70.7 1413 212.0 282.6 363.3
Soybean meal (50%) 230.0 2300 230.0 230.0 230.0 230.0
Wheat 380.7 365.0 3494 328.7 303.1 2774
Wheat gluten 50.0 50.0 50.0 50.0 50.0 50.0
Menhaden fish oil 10.0 15.0 20.0 25.0 30.0 35.0
Soybean oil 35.0 25.0 15.0 10.0 10.0 00.0
Dicalcium phosphate  15.0 15.0 15.0 15.0 15.0 15.0
Potassium phosphate 8.0 8.0 8.0 8.0 8.0 8.0
Magnesium sulfate 6.0 6.0 6.0 6.0 6.0 6.0
Lecithin 5.0 5.0 5.0 5.0 5.0 5.0
Vitamin mix? 4.0 4.0 4.0 4.0 4.0 4.0
Cholesterol 3.0 3.0 3.0 3.0 3.0 3.0
Choline chloride 1.5 15 1.5 15 1.5 15
Mineral mix” 1.0 1.0 1.0 1.0 1.0 1.0
Stay C (35%) 0.7 0.7 0.7 0.7 0.7 0.7
Analyzed composition (dry-matter basis)®
Crude protein, g kg~' 4266 4182 4152 407.8 403.0 401.5
Crude fat, g kg™ 1024 1039 105.7 109.1 1233 1249
Ash, g kg™ ! 93.2 93.8 85.5 79.5 74.9 72.0
Moisture, g kg~ 84.4 873 84.1 82.2 81.7 87.5

2 Vitamin mix supplied the following (mg or IU kg~ of diet): biotin, 0.64 mg; B;5,
0.06 mg; E (as alpha-tocopherol acetate), 363 IU; folacin, 9.5 mg; myo-inositol, 198 mg; K
(as menadion sodium bisulfate complex), 3.7 mg; niacin, 280 mg; p-pantothenic acid,
117 mg; B, 31.6 mg; riboflavin, 57.4 mg; thiamin, 35.8 mg; D, 440 IU; A (as vitamin A
palmitate), 6607 IU.

b Mineral mix supplied the following (g kg " of diet): zinc, 0.07 g; manganese, 0.02 g;
copper, 0.002 g; iodine, 0.010 g.

€ Values are means of two replicates per diet.

2.2. System components and water quality

The feeding trial was conducted at the Aquaculture Research Center,
Kentucky State University, Frankfort, Kentucky USA in an indoor,
recirculating, saltwater system comprised of 18 aquaria (110-L each).
Crystal Marine® salt mix (Marine Enterprises International, Baltimore,
MD, USA) was added to dechlorinated city (tap) water to obtain salinity
levels equivalent to seawater (30 ppt). Saltwater was recirculated
through a 2000-L mechanical and biological filtration system containing
vertical polyester screens and polyethylene bio-balls (Red Ewald,
Karnes City, TX, USA) for solids removal and fixed-film nitrification.
Water then passed through a propeller-washed bead filter (Aquaculture
Systems Technologies, New Orleans, LA, USA), which provided substrate
for nitrifying (Nitrosomonas and Nitrobacter) bacteria and aided in the
removal of additional nitrogenous wastes before the water circulated
back to the aquaria. Water was supplied to each aquarium at a rate of
4.0 L/min. An immersion heater located in the biological and mechanical
filtration system was used to maintain optimal water temperature. Con-
tinuous aeration was provided by a Rotron blower (Ametek, Kent, OH,
USA), which supplied atmospheric oxygen to a single 4-inch airstone
in each aquarium and additional airstones in the biological and mechan-
ical filtration components. To ameliorate water-loss from evaporation
and routine maintenance (siphoning), approximately 5% of the total
water volume was replaced daily using a combination of dechlorinated
city (tap) water and high salinity water (40 ppt) held in separate 380-L
storage tanks. The photoperiod was provided by overhead fluorescent
ceiling lights set on a 14 h:10 h light:dark cycle. All aquaria were
siphoned daily to remove uneaten diet and feces. Mortalities and
molting were recorded daily, and molts removed upon notice. All
tanks were covered with polyethylene mesh to prevent access to adja-
cent aquaria and/or losses from jumping.

Dissolved oxygen, salinity, pH, and water temperature were mea-
sured daily using a Hydrolab Quanta Water Quality Monitoring System:

Table 3

Amino acid composition (g kg~ of diet, as-fed basis), squared differences (S4) in individ-
ual amino acids concentrations, and sum of the squared differences (SS4) in amino acid
concentrations between the control diet (Diet 1; OBSFL) and diets 2-6 containing graded
levels of black soldier fly larvae (BSFL) meal as a replacement for menhaden fish meal
(FM) in juvenile white shrimp diets. Values are means of two replicate determinations
on each diet.

Amino acid Diet1 Diet2 Diet3 Diet4 Diet5 Diet6
OBSFL 7BSFL 14BSFL 21BSFL 26BSFL 36BSFL
Alanine 196 195 193 19.0 19.0 19.1
Sa 00 0.01  0.09 0.36 0.36 0.25
Arginine (19.6-23.2) 243 235 230 22.3 215 21.1
Sa 00 0.64 1.69 4.00 7.84 10.24
Aspartic acid 36.1 354 349 34.1 335 335
Sa 00 049 144 4.00 6.76 6.76
Cystine 52 4.6 4.7 4.7 4.6 4.5
Sa 00 036 025 025 0.36 0.49
Glutamic acid 85.1 835 823 80.4 78.0 76.9
Sa 00 256 7.84 2209 5041 67.24
Glycine 209 203 196 18.8 18.1 17.6
Sa 00 036  1.69 441 7.84 10.89
Histidine 104 104 105 10.6 10.7 10.9
Sa 00 0.0 0.01 0.04 0.09 025
Isoleucine 174 172 168 16.6 16.1 16.1
Sa 00 0.04 036 0.64 1.69 1.69
Leucine 311 305 299 29.3 285 28.5
Sa 00 036 144 324 6.76 6.76
Lysine (16.4-20.5) 274 279 257 249 244 24.0
Sa 00 025 289 6.25 9.00 11.56
Methionine (6.6-9.1) 7.9 71 6.8 6.2 5.8 53
Sa 00 0.64 1.21 2.89 441 6.76
Phenylalanine 194 188 182 17.7 17.0 16.6
Sa 00 036 144 2.89 5.76 7.84
Proline 258 265 265 26.7 269 271
Sa 00 049 049 0.81 1.21 1.69
Serine 192 189 189 18.6 18.6 185
Sa 00 0.09  0.09 0.36 0.36 0.49
Threonine (11.8-15.1) 155 151 148 14.2 13.9 138
Sa 00 0.16 049 1.69 2.56 2.89
Tryptophan 4.5 4.4 4.4 4.4 4.4 4.4
Sa 00 0.01  0.01 0.01 0.01 0.01
Tyrosine 124 126 132 138 14.0 14.6
Sa 00 0.04 0.64 1.96 2.56 4.84
Valine 194 195 193 19.3 19.1 193

Sa 00 0.01 0.01 0.01 0.09 0.01
SSq¢ 0.0 6.87  22.08 5590  108.07 140.66

Model QD 02152 (HACH, Inc., Loveland, CO, USA). Total ammonia nitro-
gen (TAN), nitrite levels, and pH were recorded three times per week
using a HACH DR 2800 spectrophotometer (HACH, Inc.). Water quality
parameters measured in the experimental system for the duration of
the trial were optimal for growth and survival of white shrimp and
averaged: temperature (29.5 °C), salinity (30.7 ppt), dissolved oxygen
(5.16 mg L™ 1), pH (7.9), total ammonia nitrogen (0.13 mg L™ '), and
nitrite (0.10 mg L™ !) for the duration of the study.

2.3. Shrimp stocking and feeding

Juvenile Litopenaeus vannamei were obtained from Shrimp Improve-
ment Systems (Islamorada, FL, USA) and acclimated to the salinity and
temperature of the experimental system by gradually mixing the sys-
tem water with the holding water so that environmental changes did
not exceed 1 °C and 1 ppt salinity every 30 min. To ensure that all
shrimp were nutritionally equivalent and that a nutritional baseline
was established, a maintenance/conditioning diet was fed two times
per day for 7 days prior to the beginning of the study. Once acclimated,
juvenile shrimp (1.24 &+ 0.01; mean =+ SE) were randomly selected and
batch-weighed to determine an initial average weight. Shrimp were
stocked randomly into 18 110-L aquaria at a density of 15 shrimp/
aquarium (50 m~2). Mortalities were replaced during the first week
of the feeding trial.
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Shrimp were fed one of the six test diets with three replicates per
dietary treatment, and were hand-fed four times per day at 0730,
1030, 1330, and 1630 for 63 days. Aquaria biomass and daily feed
rations were adjusted for mortalities, and the amount of diet fed per
day was recorded for each aquaria.

2.4. Data analysis

At the conclusion of the feeding trial, shrimp were harvested, chill-
killed in an ice-water bath to drastically reduce body temperature,
then weighed, placed into plastic storage bags and frozen for subse-
quent whole-body amino acid and proximate analysis. Response
parameters were as follows:

Final individual weight (g/shrimp) = Wy

Percent weight gain (%) = [(Wr — W;) x 100] / W; where W; =
initial individual weight (g/shrimp);

Specific growth rate (SGR) = (InWf — InW; x 100) / t where t is time
in days;

Feed intake (g/shrimp);

Feed conversion ratio (FCR) = dry feed intake (g)/final weight gain
(8);

Percent survival (S, %) = (Ng/N;) x 100, where N; and Ny are the
initial and final number of shrimp, respectively.

Linear, quadratic and spline regression models were fit to the re-
sponses of whiteleg shrimp to BSFL meal dietary inclusion level using
the software procedures PROC REG or PROC NLIN in SAS 9.3 (SAS Insti-
tute, Inc., Cary, NC, USA). The most parsimonious model for each re-
sponse was chosen that yielded practical dietary BSFL concentrations
(i.e.,>0) with the minimum mean square error (MSE), maximum ad-
justed R? according to Kvalseth (1985), and smallest P-value. Regres-
sions were considered significant when P < 0.05 and R? > 0.25. To
examine the potential influence of diet amino acid profile on fish re-
sponses, the distance between the control diet (Diet 1; OBSFL) amino
acid profile and that of the other five test diets containing graded levels
of BSFL meal was calculated, where distance was defined as the sum of
the squared deviations (SSq4) in individual amino acid concentrations
between the control diet (Diet 1) and each of the other test diets
(Diets 2-6). For example, in Table 3, Arg concentration was
24.3 gkg~ 'in the control diet and 21.1 g kg~ ! in Diet 6. The squared de-
viation (S,) of Arg in Diet 6 from the control diet is therefore (24.3-
21.1)? = 10.24. Similarly, the squared deviation of Lys in Diet 6 from
the control diet D1 is (27.4-24.0)> = 11.56, etc. Hence, the sum of
squared deviations (SSq4) in amino acid concentrations of Diet 6 from
the control diet is 0.25 + 10.24 + ... + 11.56 + ... 4+ 0.01 = 140.66
(Table 3).

3. Results

Composition of the two protein sources of interest, FM and BSFL
meal, were markedly different (Table 1). Moisture and lipid content of
BSFL were nearly 41% and 39% higher, respectively, than FM, whereas
protein and ash content of BSFL were 21% and 67% lower, respectively,
than FM. With the exception of His and Tyr, concentrations of all other
amino acids measured in BSFL meal were lower than those of FM. The
limiting order of essential amino acids in BSFL was Met, Lys, Thr, Phe,
Trp/Arg based on the percent difference from the concentrations of
those amino acids in FM.

Proximate composition among test diets was fairly uniform (Table
2). Protein ranged from 19.9% in Diet 1 (0% BSFL; 25% FM) to 18.3% in
Diet 6 (36% BSFL; 0% FM). Dietary lipid ranged from approximately
1.2% in Diet 1 to 0.9% in Diet 6. Ash and moisture content of the test
diets were 2.4-2.7% and 25-23%, respectively. On the other hand, the
amino acid profile of the test diets varied significantly with increasing
substitution of BSFL meal for FM (Table 3). The magnitudes of the
squared differences (S4) in amino concentrations between the control
diet (Diet 1) and the BSFL meal substituted diets (2-6) were similar in

pattern to the limiting order among the essential amino acids found in
BSFL. Moreover, progressively larger differences in the concentrations
of the non-essential amino acids Glu, Gly, and Asp were noted with in-
creasing substitution of BSFL meal for FM. When the squared deviations
in amino acid concentrations in diets 2-6 with respect to the amino acid
concentrations in the control diet were summed (SSq), the amino acid
profiles of diets 2-6 increased in distance from the control diet as a func-
tion of a second order polynomial with respect to BSFL meal level in the
diet (Fig. 1).

In terms of growth performance, there were no significant differ-
ences in shrimp survival with respect to level of BSFL meal inclusion
in the diet, with an average survival of 91% among all treatments
(Table 4). Feed intake among dietary treatments did not differ, as well
(Table 4). Generally, maximum responses in the current study were ob-
served when shrimp were fed the FM control diet (Diet 1), whereas,
shrimp final weight, percent weight gain, SGR, and food conversion de-
clined with increasing substitution of FM with BSFL meal (Table 4).

Mean final shrimp weight was most closely modeled by a quadratic
function of BSFL level in the diet, however, estimates of the Ry, Rg5 and
Rgo, i.e., the dietary BSFL meal levels allowing 100, 95 or 90% of the max-
imum response were in the negative concentration range. The next par-
simonious model of final shrimp weight with respect to diet BSFL level
was a spline function (Table 4; Fig. 2, top panel). Hence, dietary BSFL
meal levels allowing 100 to 90% of maximum mean weight after
63 days of feeding ranged from 0 to 12%. Percent weight gain, SGR,
and FCR were best modeled by quadratic functions of diet BSFL level
(Table 4). Dietary BSFL meal levels allowing 100 to 90% of maximum
weight gain (Fig. 2., bottom panel) and SGR (Fig. 3., bottom panel)
ranged from 3 to 17% and 3.5-23.5%, respectively (Table 4). The best
FCR's (Fig. 3., top panel), i.e., 100-90% of the minimum FCR, were
found when diet BSFL level ranged from 0.1-10.2% (Table 4).

White shrimp whole-body moisture, protein, and lipid also varied as
quadratic functions of diet BSFL meal level (Table 5). Substitution levels
of BSFL in the diet that resulted in maximum protein and lipid content
(Fig. 4) and minimum water content (Table 5) ranged from 1.1-40.2%,
1.3-21.1%, and 2.7-61%, respectively, for 100-90% of the maximum
(or minimum) response. Whole-body ash of white shrimp was not
related to diet BSFL level (Table 5).

4. Discussion

This is the first study to investigate the replacement of FM with BSFL
meal in diets for Pacific white shrimp. There was no difference in

Fig. 1. Sum of the squared differences (SSd) in amino acid concentrations between the
control diet containing 0% black soldier fly larvae (BSFL) meal and 25% menhaden fish
meal (FM) and diets containing increasing levels of BSFL meal (7-36%) as a replacement
for FM in juvenile white shrimp diets.
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Table 4

Growth response of juvenile white shrimp (mean initial weight 1.24 + 0.01; 4 SE) fed six practical diets with graded levels of black soldier fly larvae (BSFL) meal as a replacement for
menhaden fish meal (FM) for 63 days. Values are least squares means of N = 3 replicate tanks of fish per BSFL meal level (%) in the diet.

Response*?
Diet BSFL (%) Final weight Weight gain SGR Feed intake FCR Survival
1 0 15.95 4+ 0.56 1082 £ 39 3.92 £+ 0.05 308 +£ 1.0 212 £ 0.15 91.1 £ 5.9
2 7 15.85 £ 0.55 1204 + 65 4.07 4+ 0.08 293 £ 09 2.01 £ 0.08 95.6 £+ 2.2
3 14 13.33 £ 0.23 1017 + 119 3.82 +£ 0.16 309 £+ 1.6 2.56 £+ 0.13 91.1 £ 5.9
4 21 12.68 + 0.67 1045 + 137 3.85 + 0.19 298 + 1.7 2.61 + 0.28 91.1 £ 5.9
5 26 9.30 £+ 0.58 616 + 33 3.12 4+ 0.07 321+ 19 4.02 + 0.10 86.7 + 3.9
6 36 8.08 + 0.83 566 + 33 3.06 + 0.08 306 + 1.7 451 4+ 035 91.1 £ 5.9
Model® spline quadr quadr NR quadr NR
Regression analysis
R? 0.902 0.698 0.758 - 0.860 -
Pr>F <0.0001 <0.0001 <0.0001 - <0.0001 -
Parameter estimates®
b, 15.95 —0.56 —0.001 - 0.002 -
b, 1.42E-16 3.20 0.007 - —0.0004 -
b, —0.27 1128.52 3.980 - 2.040 -
Xg 6.14 - - - - -
Rioo 6.14 2.85 3.50 - 0.10 -
Ros 9.11 12.89 17.75 - 7.23 -
Rao 12.07 17.05 23.50 - 10.20 -

4 Model types are quadratic (quadr), where y = box? + byx + by; or spline, where y = b, + b;x when x <X, (i.e., x knot) ory = (b, — byX,) + (b; + by)x, when x > x,. NR denotes “no

relationship”, i.e., P> 0.05 and R? < 0.25 for any regression relationship explored.

b Model parameters as defined in footnote b above. Values Rygo, Ros and R are the dietary BSFL meal levels (g BSFL/100 g diet) required to reach 100, 95 or 90% of the maximum or

minimum (FCR) response, respectively.

€ Responses include: mean (= SE) final individual shrimp weight (Wg, g), weight gain (%) = (Wf — W;) * 100/W;, where W; = initial individual shrimp weight (g); specific growth rate
(SGR; %) = (InWf — InW; x 100) / t where t is time in days; total feed intake (g dry); feed conversion ratio (FCR) = dry feed intake (g)/final weight gain (g), and survival (%) after 63 days.

survival percentage in the present study for any dietary treatments,
which ranged from 87% to 96% among treatments. All measured water
quality parameters were within optimal ranges for white shrimp
growth and health. While average survival in the present study was
somewhat lower than other reports (Molina-Poveda and Morales,
2004; Roy et al., 2009; Morris et al.,, 2011; Ye et al., 2011), several of
those studies used green-water culture systems where shrimp had con-
tinuous access to supplemental nutrients. Survival in the present study,
however, was similar to studies in clear-water culture systems
(Izquierdo et al., 2006; Liu et al., 2012; Ye et al., 2012; Bulbul et al.,
2013).

Shrimp fed Diet 1 (FM control) exhibited growth comparable to, or
higher than, previous studies in shrimp (Molina-Poveda and Morales,
2004; Alvarez et al., 2007; Roy et al.,, 2009; Markey et al., 2010; Morris
et al.,, 2011; Sookying and Davis, 2011; Ye et al., 2011; Sanchez et al.,
2012; Yue et al., 2012; Bulbul et al., 2013; Sa et al., 2013). Moreover,
from visual observations of feeding, it was apparent that palatability
was high among all diets, as shrimp actively and rapidly swam to diet
pellets and began to consume them. Nevertheless, the data suggest
that replacement of FM by BSFL meal may be limited to 20% or less with-
out further amendments to BSFL meal or the replacement diets. In fact,
reduced growth, increased FCR, and reduced whole-body protein and
lipid in shrimp ensued with >7% inclusion of BSFL. The regression anal-
yses afford estimates of the relative feasible range of FM replacement
with BSFL that extends to 90% of the best possible responses under the
current conditions. For most responses of economic importance, the
90% range of BSFL substitution for FM is rather narrow at 10-17%.

The diminishing performance with increasing BSFL in the test diets is
most likely due to increasing essential amino acid (EAA) deficiencies as
well as increasing imbalances of EAA/nonessential amino acids (NEAA)
as seen in the amino acid composition data of Table 3. At the time this
study was undertaken, only the requirement for Lys for Pacific white
shrimp had been estimated at 16.4-20.5 g kg~ ! diet (Xie et al., 2012),
depending on allowance for leaching loss. Lys concentrations measured
in the current test diets (24.0-27.9 g kg~ ! diet), therefore, exceeded re-
quirements by 20-36% on the upper end of the requirement spectrum,

and by 46-70% on the lower end. Subsequently, requirements for Arg,
Met, and Thr in white shrimp were estimated at 19.6-23.2 (Zhou et
al., 2013), 6.6-9.1 (Lin et al., 2015), and 11.8-15.1 g kg~ ! (Zhou et al,,
2013), respectively, depending on leaching loss allowance. If the
lower-end requirements are considered, then only Met became limiting
in Diets 4-6 containing 21-36% BSFL. If upper-end requirements are
considered, then Arg was limiting in Diets 4-6, Thr was limiting in
Diets 3-6, and Met was limiting in all diets, including the FM control.
As illustrated by the squared differences in amino acid concentrations
with respect to the control diet, the levels of three nonessential amino
acids (NEAA)—Asp, Glu, Gly—also became markedly imbalanced with
increasing BSFL in the test diets. It is interesting to note, however, that
both shrimp responses, as well as the sum of the squared deviations in
amino acid concentrations from the control diet, were significantly qua-
dratic with respect to diet BSFL level. This suggests that immediate and
large improvements in shrimp performance at higher levels of BSFL in-
clusion are possible through supplementation of limiting EAA and
balancing the NEAA/EAA ratio of the replacement diets.

Studies evaluating BSFL meal in fish diets are extremely few, but in-
creasing. Results of the current study in shrimp are similar to several tel-
eost studies. In rainbow trout (RBT; Oncohynchus mykiss), for example,
fish fed a diet with 15% BSFL meal had similar final average weight,
weight gain, total feed intake, and FCR as fish fed a control diet with
36% anchovy FM, whereas, fish fed a diet containing 30% BSFL meal
had significantly reduced growth parameters (St-Hilaire et al., 2007).
Slawski et al. (2008) reported that Nile tilapia (Oreochromis niloticus)
fed diets with housefly larvae meal had reduced growth and increased
food conversion compared to fish fed a diet containing 52% FM without
fly meal. Kroeckel et al. (2012) reported that growth and feed intake de-
creased in juvenile turbot (Psetta maxima) as BSFL meal increasingly
substituted (16.5-75.6%) for FM in the diet. Whole-body protein and
ash of turbot, however, were not significantly different among treat-
ments, which is similar to the body composition results of St-Hilaire et
al. (2007). Those studies indicate insect meal substitution for FM did
not adversely affect protein accretion, although protein retention effi-
ciency decreased with increasing inclusion of BSFL (Kroeckel et al.,
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Fig. 2. Mean (& SE) final shrimp weight (top panel; spline fit) and percent weight gain
(bottom panel; quadratic fit) of juvenile white shrimp (mean initial weight 1.24 + 0.01;
=+ SE) fed six practical diets with graded levels of black soldier fly larvae (BSFL) meal as
a replacement for menhaden fish meal (FM) for 63 days.

2012). In contrast, Fasakin et al. (2003) found that housefly (Musa
domestica) larvae meal could totally replace FM in diets for small clariid
catfish (Clarias gariepinus) if the meal was defatted and sun-dried.

The growth reduction seen by Kroeckel et al. (2012) in turbot fed
BSFL could have been due to reduced nutrient digestibility and/or re-
duced diet palatability since protein digestibility for BSFL was 63.1%,
which was dramatically lower than that of FM at 88-98%. Likewise, di-
gestibility coefficients in turbot for lipid and energy in diets containing
BSFL were 78% and 54.5%, respectively, compared to 98.7% and 84.9%
for the diet containing FM. These lower digestibility values also could
be a result of chitin in the prepupae (exoskeleton) which is indigestible
to fish. Chitin can inhibit nutrient absorption from the intestinal tract
resulting in reduced growth. Shiau and Yu (1999) reported, for exam-
ple, that reduced lipid digestibility was observed when chitin was
added to a diet for tilapia.

While fish may have varying chitinase activities, chitinase activity in
marine shrimp should be sufficient to adequately digest any dietary
chitin from inclusion of BSFL into the diet (Clark et al., 1993). White
shrimp have mRNA Chi isoenzymes 1, 2, and 3. Moreover, LvChil and
LvChi3 were detected in the hepatopancreas cDNA, which would sug-
gest that these isoenzymes are actively involved in digestion of chitin
in the food of this crustacean (Rocha et al., 2012). Shiau and Yu
(1998) reported that addition of chitin to a diet for Penaeus monodon
improved growth and that shrimp fed a diet containing 5% chitin had
better growth than shrimp fed diets containing 2% or 10% chitin. If re-
duced digestibility and palatability are part of the reasons seen in the

Fig. 3. Quadratic regression models of mean (4 SE) specific growth rate (bottom panel)
and food conversion ratio (top panel) in juvenile white shrimp (mean initial weight
1.24 £ 0.01; £SE) fed six practical diets with graded levels of black soldier fly larvae
(BSFL) meal as a replacement for menhaden fish meal (FM) for 63 days.

performance of insect meals in some aquaculture species, judicious
diet formulation may easily overcome those issues.

Culture system environment also tends to affect results of FM substi-
tution in shrimp diets. Feeding studies that use green water systems
(ponds or tanks) where natural productivity contributes to the total nu-
trient intake of the shrimp, or studies where the control diet contains
<15% FM, suggest that total replacement of FM is possible (Davis et al.,
2002; Amaya et al., 2007a, 2007b; Roy et al., 2009; Sookying and
Davis, 2011; Molina-Poveda et al., 2013). However, feeding studies
that use clear-water systems, where there are no exogenous supple-
mental nutrient sources, indicate that complete replacement of FM is
more problematic. The presence of supplemental nutrients from the
culture environment or lack of a true control diet (diet with >19% FM)
make comparisons among FM replacement trials difficult. Additionally,
FCR of shrimp fed Diet 1 (the control) was somewhat higher than other
reported values (Roy et al., 2009; Morris et al., 2011; Sookying and
Davis, 2011; Ye et al., 2011; Bulbul et al., 2013), but most of those stud-
ies were carried out in green-water conditions where, as mentioned
previously, natural productivity may increase growth and decrease
FCR values. Feeding percentages can be reduced in green-water systems
because there is continuous access to supplemental nutrients and FCR
values have been reported to be much lower. The present study was
conducted in a closed, recirculating system where there was no possibil-
ity of exogenous nutrients. When compared to studies conducted in
clear-water systems (Molina-Poveda and Morales, 2004; Izquierdo et
al., 2006; Alvarez et al., 2007; Sanchez et al., 2012; Sa et al., 2013),
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Table 5

Whole-body composition of initial and final juvenile white shrimp fed six practical diets
with graded levels of black soldier fly larvae (BSFL) meal as a replacement for menhaden
fish meal (FM) for 63 days. Values are least squares means of N = 3 replicates per diet BSFL
(%) meal level.

Response
Diet BSFL Moisture Protein Lipid Ash
(%)
Initial 84.22 + 0.22 11.84 + 0.04 0.22 + 0.02 3.40 + 0.09
1 0 7494 + 0.21 1991 + 0.35 1.19 £ 0.05 2.44 + 0.06
2 7 74.87 + 0.22 19.78 4+ 0.26 1.26 + 0.02 248 4+ 0.06
3 14 75.26 £+ 040 19.71 + 0.24 1.14 + 0.06 2.54 4+ 0.09
4 21 75.58 + 0.32 19.38 + 0.17 1.06 £ 0.02 2.56 + 0.14
5 26 76.38 £ 0.59 18.86 + 0.27 098 + 0.14 247 + 0.01
6 36 77.35 £ 0.57 18.25 4+ 047 0.85 + 0.06 2.69 + 0.09
Model® quadr quadr quadr NR
Regression analysis
R? 0.730 0.661 0.649 -
Pr>F
Parameter estimates”
bo 0.0022 —0.0013 —0.0003 -
by —0.0119 0.0028 0.0008 -
b, 74915 19.892 1.222 -
Rigo” 2.7 1.1 13 -
Ros” 439 28.7 15.1 -
Roo” 61.0 402 211 -

@ Model type is quadratic (quadr), where y = b,x?> + byx + b,. NR denotes “no rela-
tionship”, i.e., P> 0.05 and R? < 0.25 for any regression relationship explored.

> Model parameters as defined in footnote a above. Values Rygo, Rgs and Rgp are the
dietary BSFL meal levels (g BSFL/100 g diet) required to reach 100, 95 or 90% of the max-
imum response, respectively.

FCRs reported in the present study are similar. Additionally, in a culture
system where there are no exogenous sources of nutrients, it may be
better to overfeed so as not to limit access to food and thereby artificially
reduce growth rates.

Feed intake in shrimp tends to be inversely related to FM replace-
ment by plant-protein sources (Lim and Dominy, 1990; Forster et al.,
2003). In the present study, a pre-determined feeding regime was
employed, and we did not attempt to measure actual intake. Hence, it
is not possible to make comparisons of intake among dietary treat-
ments. However, FCR increased in dietary treatments 2 to 6 compared
to shrimp fed the control diet with FM (Diet 1). This may be the result
of reduced intake/overfeeding as BSFL meal increased in the diet as sug-
gested by the reduced final weights of shrimp fed Diets 2-6. Although
the feeding rate established a priori may have been too high, the calcu-
lated feeding percentages were reasonable, nevertheless.

In conclusion, the current results give insight into current limitations
of using black solder fly larvae meal in white shrimp and possible ave-
nues of expanding insect meal replacement of fishmeal in aquaculture
diets. With judicious modifications to diet formulations which include
BSFL meal, increased inclusion levels may be possible in diets for Pacific
white shrimp.
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